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Exercise stress testing is routinely used for the noninvasive 
assessment of coronary artery disease and is considered a safe 
procedure. However, the provocation of severe ischemia might 
potentially cause delayed recovery of myocardial function. To 
investigate the possibility that maximal exercise testing could 
induce prolonged impairment of left ventricular function, 15 
patients with angiographically proved coronary disease and 9 
age-matched control subjects with atypical chest pain and normal 
coronary arteries were studied. Radionuclide ventriculography 
was performed at rest, at peak exercise, during recovery and 2 
and 7 days after exercise. Ejection fraction, peak filling and peak 
emptying rates and left ventricular wall motion were analyzed. 
All control subjects had a normal exercise test at maximal 
work loads and improved left ventricular function on exercise. 
Patients developed 1 mm ST depression at 217 ± 161 s at a work 
load of 70 ± 30 Wand a rate-pressure product of 18,530 ± 
Although exercise stress testing is widely used for the 
assessment of coronary flow reserve in patients with proved 
or suspected coronary artery disease, considerable debate 
exists as to which criteria should be used to establish a 
diagnosis of transient myocardial ischemia. A 1 mm rectilin-
ear or downsloping ST segment depression is usually con-
sidered a sufficient electrocardiographic (ECG) end point; 
but several reports (1,2) have shown that a large incidence of 
false positive results has to be expected when such a 
diagnostic cutoff is used. Consequently, it has been recom-
mended (1,2) that greater degrees of ST segment displace-
ment, along with the occurrence of angina, should be sought 
to establish a diagnosis. However, whether the induction of 
severe myocardial ischemia, albeit of short duration, is 
completely harmless, is not clear. 
Short ischemia periods produced experimentally by 15 to 
20 min coronary occlusion result in sustained alterations of 
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4,465 mm Hg X beats/min. Although exercise was discontinued 
when angina or equivalent symptoms occurred, in all patients 
diagnostic ST depression (2=1 mm) developed much earlier than 
symptoms. Predictably, at peak exercise patients showed a de-
crease in ejection fraction and peak emptying and filling rates. 
Ejection fraction and peak emptying rate normalized within the 
recovery period, whereas peak filling rate remained depressed 
throughout recovery (p < 0.002) and was still reduced 2 days after 
exercise (p < 0.02). 
In conclusion, in patients with severe impairment of coronary 
flow reserve, maximal exercise may cause sustained impairment of 
diastolic function. Exercise testing in these patients should be 
performed with caution, and a more conservative diagnostic 
approach based on the development of ST changes rather than 
occurrence of symptoms should be used. 
(J Am Coll CardioI1991;17:1251-5) 
contractile function (3), and regional wall motion abnormal-
ities may be observed up to 30 min after maximal exercise 
performed in patients with severe coronary artery disease 
(4). Furthermore, myocardial function and metabolism often 
remain abnormal for as long as 1 week after short periods of 
ischemia (5) and brief repetitive bouts of ischemia may have 
a cumulative effect and cause myocardial necrosis (6). 
Because diastolic dysfunction may persist well beyond 
recovery of normal systolic function after brief coronary 
occlusion during coronary angioplasty (7,8), we assessed in 
a group of patients with chronic stable angina and severe 
coronary artery disease the long-term effects of maximal, 
symptom-limited exercise testing on left ventricular systolic 
and diastolic function. To this end, we obtained serial 
measurements of left ventricular function by eqUilibrium 
multigated radionuclide ventriculography, both at rest and 
after symptom-limited exercise testing. 
Methods 
Study patients (Table 1). Fifteen male patients with a 
mean age of 61 ± 6 years (range 49 to 67) were selected for 
study. They all had stable angina pectoris, an exercise test 
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Table 1. Characteristics of 15 Patients With Coronary 
Artery Disease 
Age Coronary 
Patient (yr) ECG Wall Motion Angiography 
66 N A, sept -apex 2 VD 
2 60 Q ant A, ant-sept I VD 
3 67 N H, inf-post 2 VD 
4 50 N H. inf-post 2 VD 
5 61 Q inf-Iat H, inf-post-Iat 2 VD 
6 67 N A, sept-apex I VD 
7 62 Q sept H. anti-Iat 2 VD 
8 55 N H. inf-post I VD 
9 59 Q sept H, ant-Iat-post 3 VD 
10 65 Q inf-post H, inf-post 2 VD 
II 49 Q sept H, inf-post -sept I VD 
12 58 Q inf-post H, inf-post 2 VD 
13 63 N A, ant-sept I VD 
14 63 N A, ant-sept I VD 
15 65 Q sept A, sept-apex-ant I VD 
A = akinesia; ant = anterior; H = hypokinesia; inf = inferior; lat = 
lateral; N = normal; post = posterior; Q = Q wave; sept = septal; I, 2 and 3 
VD = one-, two- and three-vessel disease. 
that was abnormal at low work loads and severe coronary 
artery disease, Nine other subjects (four female) with a mean 
age of 55 ± 6 years (range 37 to 64), admitted for evaluation 
of atypical chest pain, served as control subjects. They all 
had normal results after an exercise test at high work loads 
and angiographically normal coronary arteries. The physical 
and clinical characteristics of patients and control subjects 
are listed in Table 1. 
The protocol was approved by the institutional Ethics 
Committee on Human Research and each patient and control 
subject gave written informed consent to the study. 
Exercise protocol. Patients and control subjects were 
studied in the fasting state after discontinuation of all an-
tianginal therapy ;:::48 h. All underwent a symptom-limited 
bicycle ergometer exercise test in the semi supine position; 
exercise loads were progressively increased by 25 W incre-
ments at 3 min intervals. 
The following end points were used for discontinuing 
exercise: 1) chest pain, dyspnea or fatigue; 2) repetitive 
ventricular arrhythmias; 3) ;::: 10 mm Hg decrease in systolic 
blood pressure; and 4) ;:::3 mm ST segment depression. The 
12 lead electrocardiogram and blood pressure (cuff sphyg-
momanometer) were recorded every minute throughout ex-
ercise and recovery. 
For each exercise test the following variables were ana-
lyzed: total exercise time, time to 1 mm ST segment depres-
sion, time to angina (when present) and recovery time; heart 
rate and rate-pressure product at 1 mm ST segment depres-
sion and at peak exercise; maximal ST segment depression 
and number of ECG leads exhibiting diagnostic changes. 
Serial myocardial enzyme determinations (creatine ki-
nase, total and myocardial band; lactic dehydrogenase; 
aspartate transaminase; alanine transaminase) were per-
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formed in all patients and control subjects at rest and 4, 24 
and 48 h after exercise testing. 
Radionuclide ventriculography. The blood pool was la-
beled in vitro by intravenous injection of 18 ,ug/kg of 
stannous pyrophosphate followed by 15 to 25 mCi (555 to 
925 MBq) of technetium-99m-pertechnetate 20 to 30 min 
later. A small field of view gamma camera equipped with a 
low energy general purpose collimator was positioned over 
the chest in the "best septal" left anterior oblique position 
(45°) with a 10° craniocaudal angulation. ECG-multigated 
radioventriculographic studies were obtained at rest, at peak 
exercise and after the heart rate and ST segment had 
returned to baseline. Follow-up radionuclide studies were 
also obtained at rest 2 and 7 days after exercise testing. For 
the rest studies the acquisition was performed over 15 min 
with a 64 x 64 pixel matrix with 32 frames/beat; for each 
exercise test step, data were acquired over 2 min and 16 
frames were used to reconstruct one cycle. 
Radionuclide data were analyzed after time and spatial 
image smoothing. Frames whose total counts were <95% of 
the end-diastolic image were excluded from data analysis. 
Both qualitative and quantitative assessment of parametric 
data were performed. 
Qualitative patterns of left ventricular shape and segmen-
tal wall motion (five segments: anterior, septal, inferior, 
apical, lateral) were analyzed by continuous cine-loop dis-
play of smoothed images and screen display of a group of 
parametric images (phase, amplitude, stroke volume and 
regional ejection fraction). The presence of abnormal seg-
mental contractility at rest and during exercise was assessed 
and graded by two independent observers. 
Regions of interest were drawn over each frame by 
semi-automated processing and completed by manual cor-
rection; a background crescent -shaped region of interest was 
also positioned near the lateral profile of the left ventricle. A 
high temporal resolution left ventricular time-activity curve 
was then generated after background subtraction. Left ven-
tricular peak filling and emptying rates were separately 
assessed by fitting a third order polynomial function of the 
left ventricular time-activity curve by a least-squares tech-
nique (9). The peak filling and emptying rates were computed 
in left ventricular counts per second, normalized for the 
number of counts at end-diastole, and expressed as end-
diastolic counts (volume)/s. This does not imply knowledge 
of actual left ventricular end-diastolic volume. The peak 
filling rate was not measured at peak exercise because of the 
short acquisition time and the consequent low counting 
rates, with blurring of the diastolic part of the time-activity 
curve. Global ejection fraction was also calculated from the 
left ventricular time-activity curve. 
The total whole body radiation exposure, excluding 
routine cardiac catheterization, was approximately 1 rad 
(10 mGy). 
Data analysis. All group data are reported as mean values 
± SD. Data from the scintigraphic and ergometric studies 
were analysed by a two-tailed Student's t test for paired 
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RPPlmmST~ RPP peak 
Time to 1 Total Recovery Work Load Max ST ~ No. ECG (mmHg x (mmHg x 
mm ST ~ (s) Time (s) Time (s) (W) (mm) Leads beats/min) beats/min) 
Patients (n = 15) 217 ± 161 464 ± 197 832 ± 299 70 ± 30 2.12 ± 0.82 4.7 ± 1.2 18,530 ± 4,465 22,697 ± 5,315 
Controls (n = 9) 900 ± 240 130 ± 30 29,150 ± 4,440 
Max = maximal; RPP = rate-pressure product; ST ~ = ST segment depression. 
data. A p value < 0.05 was considered to indicate signifi-
cance. 
Results 
Clinical, ECG and physiologic data (Table 2). On exer-
cise, all patients with coronary artery disease exhibited 
unequivocal signs of myocardial ischemia. Diagnostic ST 
segment depression (1 mm rectilinear or downsloping) de-
veloped at a very short exercise time (217 ± 161 s) and at a 
low work load (70 ± 30 W). Total exercise time was 464 ± 
197 s, maximal ST segment depression was 2.12 ± 0.82 mm 
and the number of ECG leads involved was 4.7 ± 1.2. The 
test was discontinued for angina or severe dyspnea in seven 
patients and for severe fatigue in the remaining patients. 
All control subjects had normal results after an exercise 
test at a maximal work load (130 ± 30 W) and achieved 86 ± 
7% of their maximal predicted heart rate and a high level of 
rate-pressure product (29,150 ± 4,440 mm Hg x beats/min). 
Radionuclide ventriculography (Table 3). Patients. 
Global ejection fraction and peak emptying rate were normal 
at rest and decreased predictably at peak exercise; in all 
patients both variables returned to baseline by the time the 
ECG had normalized (Fig. 1). 
Rest wall motion abnormalities were observed in all 
patients (34 segments); 11 developed new wall motion ab-
normalities at peak exercise in 19 more segments. Thirteen 
Table 3. Radionuc1ide Ventriculographic Results 
Ejection Fraction (%) 
Bas Peak R1 48 h 7 days Bas 
Patients (n = 15) 
Mean 57 51 53 54 55 2.4 
±SD 12 13 11 11 13 0.6 
I I I 
hypokinetic segments became completely akinetic with ex-
ercise. In the recovery study, wall motion had returned to 
the pre-exercise pattern in 13 patients; it was still depressed 
in 2 patients (4 segments) who recovered within 48 h. 
Rest ventricular peak filling rate was significantly lower 
(p < 0.002) in patients than in normal control subjects. It 
further deteriorated after exercise and, compared with val-
ues before exercise, was still significantly depressed 2 days 
later (p < 0.02). A mild residual impairment was still present 
on the 7th day of control imaging, though the difference was 
not significant (Fig. 2). 
Normal control subjects. Rest systolic and diastolic 
function were both normal in these subjects. On exercise a 
physiologic increase in systolic and diastolic variables was 
documented in all that returned to basal values by the end of 
the recovery period. 
Myocardial enzymes. Myocardial enzymes remained 
within normal limits in all subjects for the entire study. 
Discussion 
Postexercise myocardial stunning. Our data show that 
severe ischemia induced by maximal exercise causes marked 
diastolic dysfunction that may persist for several days. 
Unlike normal control subjects, all patients with severe 
coronary disease showed a marked impairment of left ven-
tricular function at peak exercise. Moreover, although sys-
Peak Emptying Rates (EOV/s) Peak Filling Rates (EDV/s) 
Peak R1 48 h 7 days Bas RI 48 h 7 days 
2.1 203 2.5 2.6 1.8 1.4 1.6 1.7 
0.8 0.6 0.6 0.8 0.6 OJ 0.4 0.4 
I I I 
p < 0.02 p < 0.05 p < 0.002 
I I I 
NS NS p < 0,02 
NS NS 
NS 
Control subjects 
(n = 9) 
Mean 68 72 67 66 63 2.9 5.6 3.2 3.0 3.0 2.6 2.9 2.7 2.6 
±SO 9 6 9 9 7 0.3 1.0 0.6 0.4 OJ OJ 0.4 0.3 0.3 
Bas = baseline values; EOV = end-diastolic volume (counts); EF = ejection fraction; RI = electrocardiographic post-exercise recovery. 
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Figure 1. Analysis of systolic function. Both ejection fraction (A) 
and peak emptying rate (B) physiologically increased in normal 
control subjects at peak exercise (peak ex.), with a rapid return to 
basal (bas.) values by the end of the recovery (rec.) period. In 
patients with coronary artery disease (squares) there is a significant 
exercise-induced impairment of systolic function with a return to 
baseline by the time the EeG is normalized. The insignificant late 
decrease in ejection fraction observed in normal subjects (circles) is 
most likely related to spontaneous variability, as it was always well 
within the normal range. EDV = end-diastolic volume. 
tolic variables returned to the control values by the time the 
ST segment had normalized, peak filling rate remained 
depressed up to 48 h after exercise. As diastolic function is 
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Figure 2. In patients, rest ventricular filling rate (EDV/sec) was 
significantly lower (p < 0.002) than in normal control subjects. It 
further deteriorated with exercise and was still depressed 2 days 
later. A mild residual impairment was still present at the 7th day 
control study, although the difference was not significant. Abbrevi-
ations as in Figure 1. 
exquisitely sensitive to ischemia, it is tempting to speculate 
that prolonged diastolic stunning, resulting from severe 
ischemia, may have occurred in our patients. 
Maximal exercise testing. The possibility of postexercise 
myocardial stunning resulting from severe ischemia raises 
the question of whether maximal exercise testing is advisa-
ble in patients with severe coronary artery disease. Indeed, 
although the procedure is traditionally considered safe 
(10,11), a recent editorial (12) recommends great caution in 
submitting patients with severe disease to strenuous proto-
cols, because it may be undesirable to submit the myocar-
dium to prolonged ischemia. This view is supported by the 
experimental observation (5) that the structural, metabolic 
and functional properties of reversibly injured myocardium 
remain severely disturbed for days. Our study seems to 
confirm these findings by showing prolonged impairment of 
diastolic function after severe ischemia induced by maximal 
exercise testing. 
The specificity of exercise testing will improve if more 
strenuous protocols are followed and more stringent exer-
cise end points are applied (13-15). However, it is well 
recognized that, whenever present, symptoms invariably 
follow, sometimes by minutes, the appearance of diagnostic 
ST segment changes on the surface ECG (16-18). By the 
time symptoms develop, the ST segment is grossly de-
pressed and, especially in patients with severely reduced 
coronary flow reserve, long recovery periods are required 
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for the EeG to normalize. Under such circumstances, the 
development of prolonged myocardial stunning is certainly 
not inconceivable. 
We are confident that most cardiologists are guided by 
clinical judgment and common sense in establishing criteria 
for discontinuing a diagnostic exercise test. However, some 
investigators (2,19) recommend that ST segment displace-
ment >2 mm should be reached to fulfill "diagnostic crite-
ria." In our experience, at least in patients with severe 
disease, such a degree of ischemia is associated with severe 
impairment of left ventricular function and prolonged dias-
tolic "stunning." 
Conclusions. Our data indicate that severe, exercise-
induced myocardial ischemia can cause persistent diastolic 
ventricular dysfunction. They suggest that, as in "low flow 
ischemia," myocardial stunning can also occur when ische-
mia is caused by an excessive increase in myocardial oxygen 
requirements exceeding the possibility of increase in flow. 
As a consequence, in patients with coronary artery disease 
and low effort tolerance, maximal symptom-limited exercise 
testing should be avoided and a more conservative approach 
planned. 
We thank Elena Sala and Panjame Siebel for kind secretarial assistance. 
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